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Abstract 

A  comprehensive  comparison  of  laminate  failure  models  was  established  to  assess  the  state-of-the-art  in  laminate  modeling 
technologies  on  an  international  level  (known  as  the  Worldwide  Failure  Exercise)  [Compos.  Sci.  Technol.  58(1998)  1001,1011,1225]. 
In  our  first  contribution  to  this  Exercise  (Part  A),  we  presented  a  complete  theoretical  description  of  an  analysis  methodology  and 
documented  predictions  for  the  laminate  response  and  failure  behavior  of  various  laminates  under  a  broad  range  of  loading  con¬ 
ditions  [Compos.  Sci.  Technol.  (in  press)].  This  paper  represents  our  contribution  to  Part  B  of  the  Exercise  where  the  laminate 
response  and  failure  predictions  for  fourteen  different  cases  are  presented  and  compared  with  actual  experimental  test  data.  The 
cases  include  prediction  of  the  effective  nonlinear  stress  vs.  strain  responses  of  laminates,  as  well  as,  initial  and  final  ply  failure 
envelope  predictions  under  multi-axial  loading.  Correlation  between  the  theoretical  predictions  and  experimental  results  are  dis¬ 
cussed.  While  reasonable  correlation  was  achieved,  the  failure  analysis  employed  by  the  authors  was  not  universally  accurate  in 
predicting  the  laminate  failure  response  for  the  broad  range  of  test  cases  considered.  This  statement,  although  not  surprising,  is 
likely  true  for  any  given  failure  methodology  as  it  is  applied  to  a  wide  range  of  laminate  lay-ups  and  loading  conditions. 

Published  by  Elsevier  Ltd. 
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1.  Introduction 

In  our  first  contribution  to  the  Worldwide  Failure 
Exercise  (Part  A),  we  presented  a  methodology  for  pre¬ 
dicting  the  nonlinear  stress/strain  response  and  failure 
behavior  of  composite  laminates  [1-4].  The  theoretical 
analysis  is  an  incremental  formulation  of  a  well-estab¬ 
lished  three-dimensional  laminated  media  analysis  [5,6] 
coupled  with  a  progressive-ply  failure  methodology. 
Nonlinear  lamina  constitutive  relations  for  the  compo¬ 
sites  are  represented  using  the  Ramberg-Osgood  equa¬ 
tion  [7].  Piece- wise  linear  increments  in  laminate  stress 
and  strain  are  calculated  and  superimposed  to  for¬ 
mulate  the  overall  effective  nonlinear  response.  Indivi¬ 
dual  ply  stresses  and  strains  are  monitored  to  calculate 
instantaneous  ply  stiffnesses  for  the  incremental  solution 
and  to  establish  ply  failure  levels.  The  progressive-ply 
failure  approach  allows  for  stress  unloading  in  a  ply  and 
discrimination  of  the  various  potential  modes  of  failure. 
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The  aforementioned  laminate  analysis  and  pro¬ 
gressive  ply  failure  methodology  has  been  programmed 
into  a  FORTRAN-based  software  code  entitled 
LAM3DNL.  The  LAM3DNL  code  employs  a  user- 
friendly  database  format  for  input  of  laminate  archi¬ 
tectures,  lamina  properties,  and  failure  parameters  [8]. 
Output  from  the  code  includes  the  effective  laminate 
stress  and  strain  files  as  well  as  a  failure  assessment 
summary  file  that  identifies  all  ply  failures  that  occur 
during  a  laminate  response  prediction  program  run. 

In  this  paper,  we  compare  our  theoretical  predictions 
made  in  [4]  with  the  experimental  data  for  the  fourteen 
different  laminate  test  cases  described  by  Soden  et  al. 
[9].  These  test  cases  have  been  grouped  into  three  classes 
(a)  biaxial  failure  envelopes  of  unidirectional  lamina,  (b) 
bidirectional  failure  envelopes  of  multidirectional  lami¬ 
nates,  and  (c)  stress  vs.  strain  curves  of  laminates  under 
uniaxial  and  biaxial  loading.  For  completeness,  a 
summary  of  the  test  cases  investigated  in  the  paper  are 
presented  in  Table  1.  It  is  also  noted  that  four  different 
materials  were  included  in  the  study:  (a)  E-glass/MY750 
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Table  1 

Summary  of  the  laminates  and  loading  cases 


Loading  case 

Laminate  lay-up 

Material 

Description  of  loading  cases 

1 

0 

E-glass/LY556/HT907/DY063 

Biaxial  failure  stress  envelope  under  transverse 
and  shear  loading  (crv  vs.  rxy) 

2 

0 

T300/BSL914C 

Biaxial  failure  stress  envelope  under  longitudinal 
and  shear  loading  (orxv s.rxy) 

3 

0 

E-glass/M  Y750/H  Y9 1 7/DY063 

Biaxial  failure  stress  envelope  under  long,  and 
transverse  loading  (cyvs.o*) 

4 

90/ ±30/90 

E-glass/LY556/HT907/DY063 

Biaxial  failure  stress  envelope  (oyvs.oy.) 

5 

90/ ±30/90 

E-glass/LY556/HT907/DY063 

Biaxial  failure  stress  envelope  (axvs.rxy) 

6 

±55 

E-glass/M  Y750/HY9 1 7/DY063 

Biaxial  failure  stress  envelope  (oyvs.cr*) 

7 

0/  ±  45/90 

AS4/3501-6 

Biaxial  failure  stress  envelope  (oyvs.or*) 

8 

0/90 

E-glass/M  Y750/HY9 1 7/DY063 

Stress-strain  curve  under  uniaxial  tensile  loading 
for  (ory:orx  =  0:1) 

9 

±45 

E-glass/M  Y750/HY9 1 7/DY063 

Stress-strain  curves  for  (cry:crx  =  1:1) 

10 

11 

±45 

E-glass/M  Y750/HY9 1 7/DY063 

Stress-strain  curves  for  (ory:crx  =  1:-1) 

±55 

E-glass/M  Y750/HY9 1 7/DY063 

Stress-strain  curves  under  uniaxial  tensile  loading 
for  (cry:crx  =  1:0) 

12 

±55 

E-glass/M  Y750/HY9 1 7/DY063 

Stress-strain  curves  for  (cry:crx  =  2:1) 

13 

0/  ±  45/90 

AS4/3501-6 

Stress-strain  curves  under  uniaxial  tensile  loading  in 
y  direction  (cry:orx  =  1:0) 

14 

0/±  45/90 

AS4/3501-6 

Stress-strain  curves  for  (<jy:orx  =  2:1) 

Table  2 

Designations  for  predicted  failure  modes 


Designation 

Predicted  failure  mode 

Y1T 

Tensile  failure  in  the  fiber  (1) 
direction 

Y1C 

Compressive  failure  in  the  fiber  (1) 
direction 

Y2T 

Tensile  failure  in  the  transverse  (2) 
direction 

Y2C 

Compressive  failure  in  the  transverse  (2) 
direction 

Y3T 

Tensile  failure  in  the  through-the-thickness  (3) 
direction 

Y3C 

Compressive  failure  in  the  through-the-thickness  (3) 
direction 

Y23 

Interlaminar  shear  in  the  23  direction 

Y13 

Interlaminar  shear  in  the  1 3  direction 

Y12 

In-plane  shear  (12  direction) 

epoxy,  (b)  E-glass/LY556  epoxy,  (c)  T300  graphite/BSL 
914C  epoxy,  and  (d)  AS4  graphite/3501-6  epoxy. 
Correlation  between  the  theoretical  predictions  and 
experimental  results  are  discussed  for  each  of  the  load 
cases. 


2.  Correlation  of  predictions  with  experimental  results 

2.1.  Loading  case  1:  biaxial  failure  envelope  of  (oy  vs. 
x xy)  for  [0]  E-glass / LY5 56  epoxy 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  1.  The 


solid  lines  represent  the  predicted  failure  envelope.  The 
predicted  failure  modes  are  indicated  in  bold  print  (Y12, 
Y2C,  Y3T,  and  Y2T);  the  key  for  these  symbols  is  given 
in  Table  2.  The  dotted  line  on  Fig.  1  indicates  the  pre¬ 
dicted  initial  ply  failure  for  the  laminate  (transverse 
tension  in  the  through-the-thickness  direction).  The 
solid  squares  indicate  the  unidirectional  strengths  pro¬ 
vided  in  the  initial  material  property  input  (Table  1  in 
Ref.  [2]),  and  the  open  circle  indicate  the  test  results. 

Reasonable  correlation  between  experimental  and 
theoretical  predictions  is  observed.  Key  points  for  com¬ 
parison  are  intersections  with  the  load  axes.  Dis¬ 
crepancy  between  the  transverse  compression  strength 
prediction  and  the  test  data  can  be  attributed  to  the 
transverse  compression  strength  originally  provided  as 
input  not  agreeing  with  the  experimental  data  obtained 
to  support  this  portion  of  the  exercise. 

There  appears  to  be  some  degree  of  interaction 
between  the  shear  and  transverse  strengths  that  is  not 
captured  by  the  maximum  strain  criteria  used  in  the 
present  analysis.  An  interactive  failure  criterion  such  as 
Tsai-Wu  may  be  better  at  capturing  the  biaxial  load 
failure  behavior. 

2.2.  Loading  case  2:  biaxial  failure  envelope  of  ( ox  vs. 
xxy)  for  [0]  T300  graphite/BSL  914C  epoxy 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  2.  As 
with  load  case  1,  reasonable  agreement  is  observed  for 
the  biaxial  failure  envelope.  The  experimental  data  and 
the  predictions  both  show  no  interaction  between  the 
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o  Test  results  Theory  (Initial  failure) 

Fig.  1.  Biaxial  failure  stresses  for  0°  lamina  made  of  GRP  material.  Material  type:  E-glass/LY556/HT907/DY063. 


- Theory  (initial  and  final  failure 

Fig.  2.  Biaxial  failure  stresses  for  0°  lamina  made  of  CRFP  material. 
Material:  T300/914C. 

applied  shear  stress  and  the  fiber  direction  tensile  stress 
when  the  predicted  failure  mode  is  tensile  failure  in  the 
fiber  direction.  When  the  predicted  failure  mode  is  shear 
dominated  (Y12)  the  experimental  data  shows  poten¬ 
tially  some  interaction  between  the  stresses  that  is  not 
predicted  by  the  theory,  but  it  is  difficult  to  draw  a 
conclusion  due  to  the  significant  scatter  in  the  experi¬ 
mental  data,  seen  especially  at  ax  =  0.  When  the  pre¬ 
dicted  failure  mode  is  fiber  compressive  failure  (Y1C) 
there  does  not  appear  to  be  any  interaction  between  the 
stress  fields  in  the  theory  or  experimental  results, 
although  this  conclusion  is  again  weakened  by  the  scatter 
in  the  data. 

2.3.  Loading  case  3:  biaxial  failure  envelope  of  ( cry  vs. 
crx)  for  [0]  E-glass/ MY750  epoxy 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  the  biaxial  failure  envelope  for  this 


■  UD  values  supplied  -  Theory  (Final  failure) 

O  Test  results  Theory  (Initial  failure) 

Fig.  3.  Biaxial  failure  envelope  of  0°  GRP  lamina  under  combined  gx 
and  oy  stresses.  Material:  E-glass/MY750  epoxy. 

unidirectional  laminate  is  presented  in  Fig.  3.  For  the 
limited  amount  of  test  data,  good  correlation  was  found 
for  this  test  case.  The  theory  predicts  that  while  the  final 
tensile  and  compressive  failures  in  the  fiber  direction 
( ax )  are  almost  independent  of  the  transverse  stress- 
state,  the  tensile  and  compressive  failures  in  the  trans¬ 
verse  ( oy )  direction  are  strongly  influenced  by  the  axial 
(< orx )  stress  due  to  the  Poisson’s  effects  in  the  material. 
The  theoretical  predictions  are  found  to  be  consistent 
with  this  general  trend  in  the  fourth  quadrant  of  the 
failure  envelope.  The  uniaxial  compression  strength 
prediction  of  o\  =  800  MPa  and  —  0  MPa  is  due  to  a 
Y3T  failure  that  changes  the  in-plane  behavior  of  the 
lamina  due  to  a  drop  in  the  transverse  and  through-the- 
thickness  moduli.  The  theory  over-predicts  the  transverse 
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compressive  strength  of  the  laminate  (Y2C)  because  it 
neglects  the  nonlinear  behavior  of  the  stress-strain 
curve  under  transverse  compression. 

2.4.  Loading  case  4:  biaxial  failure  envelope  of  ( oy  vs. 
crx)  for  [90/  +  30/—30]s  E-glass \LY5 56  epoxy 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  4.  The 
theoretical  predictions  for  this  load  case  indicate  that 
multiple  ply  level  failures  occur  prior  to  the  “final” 
laminate  failure.  The  first  predicted  failure  modes  are 
indicated  by  the  dotted  line  in  Fig.  4.  For  the  entire 
biaxial  failure  envelope,  transverse  tensile  failures 
(either  in  the  90°  or  zb  30°  layers)  are  predicted  to  occur 
first,  followed  by  catastrophic  of  “final  laminate  fail¬ 
ure.”  Overall,  the  theoretical  predictions  match  well 
with  the  test  results,  with  the  exception  of  the  predic¬ 
tions  made  under  load  combinations  involving  trans¬ 
verse  (oy)  compression.  In  this  region  (second  and  third 
quadrants)  the  predictions  of  failure  overestimate  the 
test  results.  The  test  results  do  not  indicate  the  failure 
mode  or  the  extent  of  damage  in  the  specimens.  It  is  also 
possible  that  the  failure  was  dominated  by  the  initial 
transverse  tensile  failure  of  the  90°  plies. 

2.5.  Loading  case  5:  biaxial  failure  envelope  of  (ox  vs. 
r xy)  for  [90/  +  30/ -30 ] s  E-glass \L  Y556  epoxy 

A  comparison  of  experimental  results  to  the  theo¬ 
retical  predictions  for  this  load  case  is  presented  in 
Fig.  5.  Reasonably  good  agreement  for  this  load  case 
was  achieved  except  in  second  quadrant  where  the  pre¬ 
dictions  somewhat  underestimated  the  test  results.  In 
this  quadrant,  failure  is  predicted  to  involve  initial 


Fig.  4.  Biaxial  failure  envelope  for  (90°/ ±30°)  laminate  under  com¬ 
bined  crx  and  cry  stresses.  Material:  E-glass/LY556  epoxy. 


transverse  tension  failure  (Y2T)  in  the  —30°  plies,  fol¬ 
lowed  by  longitudinal  compression  failure  (Y1C)  in  the 
—30°  plies.  In  the  analysis,  the  transverse  tensile  prop¬ 
erties  (modulus  and  Poisson’s  ratios)  are  reduced  to 
very  small  values  when  an  initial  failure  is  predicted. 
This  approximation  may  be  too  severe  for  these  experi¬ 
ments.  In  experiments,  transverse  cracking  may  occur, 
but  it  may  not  be  extensive  enough  to  completely  reduce 
the  mechanical  properties  in  this  direction.  Thus,  the 
strength  predictions  are  conservative.  In  the  first  quad¬ 
rant,  the  predicted  strengths  are  within  the  scatter  of  the 
experimental  data. 

2.6.  Loading  case  6:  biaxial  failure  envelope  of  ( oy  vs. 
ox)  for  [  +  55/— 55 ]s  E-glass/ MY750  epoxy 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  6.  The 
general  appearance  of  the  correlation  between  the  pre¬ 
dicted  strengths  and  the  test  results  is  good.  The  failure 
envelope  is  governed  by  longitudinal  compression  strain 
failure  (Y1C)  in  the  third  quadrant  and  by  longitudinal 
tension  strain  failure  (Y1T)  in  the  first  quadrant  and  in¬ 
plane  shear  (Y12)  failure  in  the  second  and  fourth 
quadrants.  In  the  second,  third,  and  fourth  quadrants, 
the  predicted  strengths  are  within  the  experimental 
scatter.  In  the  first  quadrant,  there  is  considerable  var¬ 
iation  in  the  experimental  strengths  depending  on  the 


Fig.  5.  Biaxial  failure  stresses  for  (90°/ ±30°)  laminate  under  xxy  and 
crx  stresses. 


Fig.  6.  Biaxial  failure  stresses  for  (±55°)  E-glass/MY750  laminates. 
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test  specimen  geometry.  The  thin  tubes  tested  without 
liner  give  results  consistent  with  the  predicted  first  ply 
failure  (transverse  tension  or  Y2T  in  the  ±55  plies).  The 
thin  tubes  tested  with  a  liner  appear  to  follow  the  pre¬ 
dictions  for  a  final  failure  (Y1T)  in  the  ±55  plies.  More 
data  on  the  nature  of  the  experimental  failures  for  each 
of  the  different  specimens  would  be  helpful  in  interpret¬ 
ing  these  results.  However,  given  the  biaxial  stress  state 
and  the  predicted  multiple  failure  modes,  the  predic¬ 
tions  show  reasonably  good  agreement  with  the  experi¬ 
mental  results.  The  underprediction  of  the  Y1C  failures 
in  the  third  quadrant  could  be  brought  more  in  line  with 
the  experimental  data  if  the  through  the  thickness  stres¬ 
ses  were  taken  into  account.  Consideration  of  these 
through  thickness  stresses  would  increase  the  appearant 
Y1C  value  of  the  composite  lamina. 

2.7.  Loading  case  7:  biaxial  failure  envelope  of  (cry  vs. 
ox)  for  [0/  ±  45/—45/90]s  AS4  graphite / 3501-6  epoxy 

A  comparison  of  experimental  results  to  the  theo¬ 
retical  predictions  for  this  load  case  is  presented  in 
Fig.  7.  The  predictions  show  good  correlation  with  the 
experimental  results  in  the  first  quadrant  where  the  pre¬ 
dicted  failure  mode  is  tensile  in  the  fiber  direction  of  the 
0  plies  and  in  the  fourth  quadrant  where  the  predicted 
failure  mode  is  compressive  in  the  fiber  direction  of  the 
90°  plies.  In  the  third  quadrant,  the  experimental  results 
appear  to  match  more  closely  with  the  predicted  initial 
failure  mode  (through-the-thickness  tensile  failure  or 
Y3T)  than  the  predicted  final  failure  mode  (Y1C  in  the 
0°  or  90°  plies).  This  good  correlation  is  likely  coin¬ 
cidental  as  the  model  neglects  the  three  dimensional 


Fig.  7.  Biaxial  failure  stresses  for  (0°/dz45°/90°)  AS4/3501-6  lami¬ 
nates. 


through  the  thickness  stresses  due  to  the  externally 
applied  radial  pressure.  These  through  the  thickness 
stresses,  if  taken  into  account  in  the  predictions,  would 
also  alter  the  location  of  the  Y3T  line. 

2.8.  Loading  case  8:  stress-strain  curves  of 

( oy:ax  =  0:1 )  for  [ 0/90 ]s  E-glass /MY7 50  epoxy 

A  comparison  of  experimental  results  to  the  theore¬ 
tical  predictions  for  this  load  case  is  presented  in  Fig.  8. 
The  predictions  are  in  excellent  agreement  with  the  test 
results  for  this  load  case.  A  predicted  transverse  tensile 
failure  in  the  90°  plies  at  sx  =  0.25%  is  associated  with 
the  observed  initial  cracking  point  on  the  stress  versus 
strain  curve.  In  the  theoretical  model,  when  the  initial 
transverse  tensile  failure  occurs  in  the  90  plies,  the 
properties  are  reduced  immediately  (thus  the  sharp  drop 
in  the  theory).  In  the  experiment,  the  transverse  crack¬ 
ing  occurs  progressively  and  the  properties  are  reduced 
over  a  larger  strain  region  (thus  the  theoretical  and 
experimental  curves  show  a  slight  difference  after  the 
initial  failure  occurs).  Although  the  model  does  not 
predict  the  second  observed  failure  mode  of  “long¬ 
itudinal  splitting”,  the  ultimate  load  due  to  fiber  tensile 
failure  in  the  0°  plies  was  accurately  predicted.  The  pre¬ 
dicted  Poisson  strains  (sy)  are  also  in  good  agreement 
with  the  test  results. 

2.9.  Loading  case  9:  stress-strain  curves  of 

( dy:ox  =  1:1 )  for  [  ±  45/— 45 ]s  E-glass/ MY750  epoxy 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  9.  The 
theoretical  predictions  are  in  good  agreement  with  the 
test  results  in  the  initial  loading  portion  of  the  stress 


Fig.  8.  Stress-strain  curves  for  0°/90°  E-glass/MY750  laminate  under 
uniaxial  tension. 
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versus  strain  curve.  The  point  where  first  cracks  were 
observed  correlates  with  the  prediction  of  transverse 
tensile  failure  in  the  ±45°  plies.  At  this  point,  the  model 
drops  the  transverse  tensile  properties,  over-predicting 
the  damage  in  the  laminate.  The  experimental  results 
show  a  more  gradual  reduction  in  properties,  showing 
reasonably  good  correlation  with  the  theory  up  until 
about  2%  strain.  Beyond  this  point  the  analysis  predicts 
a  higher  stress  at  ultimate  failure  (predicted  to  be  tensile 
failure  in  the  fibers).  It  is  possible  that  in  the  experi¬ 


ments  the  accumulated  transverse  matrix  cracking 
caused  the  final  failure  before  the  predicted  fiber  tensile 
failure  could  occur. 

The  following  statement  applies  to  load  cases  9-12. 
The  over  prediction  of  the  stress  responses  for  the 
laminates  could  be  partially  attributable  to  the  fact  that 
the  current  model  does  not  account  for  changes  in  the 
tubular  specimen  geometry  due  to  rotation  (scissoring) 
of  fibers  and  due  to  the  radial  expansion  or  contraction 
in  the  diameter. 


£ 

Fig.  9.  Stress-strain  curves  for  ±45°  E-glass/MY750  laminate  under  V /s%  =  1/1. 


Fig.  10.  Stress-strain  curves  for  ±45°  E-glass/MY750  laminate  (< cry/crx  =  1/— 1). 
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2.10.  Loading  case  10:  stress-strain  curves  of 

( oy:ox  =  7.-7 )  for  [  +  451-45 ]s  E-glass /MY7 50  epoxy 

A  comparison  of  experimental  results  to  the  theore¬ 
tical  predictions  for  this  load  case  is  presented  in  Fig.  10. 
The  initial  slope  of  the  stress  versus  strain  predictions 
matched  well  with  the  test  results,  but  the  data  sets 
diverge  at  strains  beyond  1  %  where  the  predictions  are 
much  stiffer  than  the  test  results.  The  predicted  ultimate 
failure  strain  was  far  less  than  the  experimental.  Again, 
this  large  discrepancy  between  model  predictions  and 
the  test  data  could  be  associated  with  the  fact  that  the 
model  does  not  account  for  fiber  rotations  and  tubular 
specimen  geometry  changes. 

2.11.  Loading  case  11:  stress-strain  curves  of 
(cry:ox  =  1:0)  for  [  +  55/— 55 Js  E-glass/MY750  epoxy 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  11.  The 
predictions  of  the  stress  strain  response  for  this  load 
case  were  in  good  agreement  with  the  test  data  up  to 
just  over  2%  strain,  where  ultimate  laminate  failure 
(shear  failure  in  the  ±55°  plies,  Y12)  was  predicted.  As 
with  the  previous  load  case,  the  test  data  indicates  that 
the  laminate  was  able  to  carry  load  well  beyond  the 
predicted  point  of  ultimate  failure.  Model  predictions 
for  failure  are  at  much  lower  strain  levels  than  the  test 
date  for  reasons  explained  above. 

2.12.  Loading  case  12:  stress-strain  curves  of 

( oy:ox  =  2:1 )  for  [  +  55/— 55 Js  E-glass/MY750  epoxy 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  12.  The 
predictions  for  the  initial  portion  of  both  of  the  stress 
versus  strain  responses  are  in  good  agreement  with  the 
test  results.  At  approximately  150  MPa,  a  transverse 
tensile  failure  (Y2T)  is  predicted  in  the  ±55  ply.  In  the 


ex  %  e  y  % 

r  --  * .  Experimental  results  -  Theory 

Fig.  11.  Stress-strain  curves  for  ±55°  GRP  laminate  under  uniaxial 
tension  (cry/crx  =  1/0). 


model,  the  properties  are  reduced  immediately.  In  the 
experimental  results,  the  transverse  damage  accumulates 
in  a  progressive  manner  so  that  the  experimental  results 
are  initially  stiffer,  but  become  more  compliant  than  the 
predictions.  Better  correlation  with  between  the  pre¬ 
dicted  and  measure  response  in  the  tubular  specimens 
could  be  achieved  if  the  model  was  modified  to  account 
for  fiber  re-orientation  due  to  large  deformation. 

2.13.  Loading  case  13:  stress-strain  curves  of 

(oy:ax  =  1:0 )  for  [0/  +  451-45/90 Js  AS4  graphite/ 3501- 
6  epoxy. 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  13.  In 
general,  the  predictions  are  in  good  agreement  with  the 
test  results  for  this  load  case,  for  both  the  axial  and 
Poisson  strains.  At  approximately  0.44%  strain,  trans¬ 
verse  tensile  failure  (Y2T)  is  predicted  in  the  90°  plies. 
The  experimental  results  do  not  show  a  reduction  in 
properties  at  this  point  and  therefore  appear  stiffer  for 
the  rest  of  the  stress-strain  curve.  This  difference  could 
again  be  due  to  the  immediate  reduction  in  properties  in 
the  model.  In  the  experiment,  transverse  cracking  may 
have  occurred  in  a  more  progressive  manner  (the 
experimental  curve  shows  a  slight  deviation  from  linear 
behavior).  Not  surprisingly,  ultimate  laminate  failure  is 
dominated  by  longitudinal  tension  failure  in  the  0°  plies, 
Y1T. 

2.14.  Loading  case  14:  stress-strain  curves  of 
(<jy:cjx  =  2:1 )  for  [0/  +  45/ -45/90 Js  AS4  graphite/ 3501- 
6  epoxy. 

A  comparison  of  experimental  results  to  theoretical 
predictions  for  this  load  case  is  presented  in  Fig.  14.  As 


£x>  ey  % 

Theory  for  strain  in  y-direction 
Theory  for  strain  in  x-direction 


Fig.  12.  Stress-strian  curves  for  a±laminate  made  of  E-glass/MT750 
epoxy  material  under  cry/crx  =  2/1. 
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Test  results  -  Theory 

Fig.  13.  Stress-strain  curves  for  (0°/±45o/90°)  laminate  under  uniaxial  tension  ( cry/crx=  1/0). 


Theory  •  Test  results 


Fig.  14.  Stress-strain  curves  for  (0°/±45o/90°)  laminate  under  biaxial 
stress  (ay/ax  =  2/1). 

with  the  previous  load  case,  predictions  for  the  quasi¬ 
isotropic  graphite  composite  laminate  are  in  good 
agreement  with  the  test  results.  Transverse  tensile  failure 
in  the  90°  plies,  Y2T,  is  predicted  early  in  the  load  his¬ 
tory  (about  0.5%  strain)  and  this  seems  to  correlate 
with  the  nonlinear  softening  of  the  laminate  stress  strain 
response.  The  predicted  transverse  tensile  (Y2T)  failure 
of  the  ±45  plies  occurs  at  the  same  location  as  a  load- 
drop  in  the  experimental  results.  As  in  Loading  Case  13, 
ultimate  laminate  failure  is  dominated  by  longitudinal 
tension  failure  in  the  0°  plies,  Y1T.  The  lower  predicted 
failure  strength  could  be  due  to  assuming  complete 
degradation  of  transverse  properties  in  the  90°  and  ±45 


plies  in  the  model,  while  experimentally  only  a  partial 
degradation  in  properties  occurs. 

3.  Conclusions 

Correlation  between  the  theoretical  predictions  and 
experimental  results  were  presented  and  discussed. 
While  reasonable  correlation  was  achieved  for  most  of 
the  case  studies,  the  failure  analysis  employed  by  the 
authors  was  not  universally  accurate  in  predicting  the 
laminate  failure  response  for  the  broad  range  of  test 
cases  considered.  This  statement,  while  not  surprising,  is 
likely  true  for  any  given  failure  methodology  as  it  is 
applied  to  a  wide  range  of  laminate  lay-ups  and  loading 
conditions.  In  several  cases  examined  in  this  exercise, 
over  prediction  of  the  stress  responses  for  the  laminates 
could  be  partially  attributable  to  the  fact  that  the  cur¬ 
rent  model  does  not  account  for  changes  in  the  tubular 
specimen  geometry  due  to  rotation  (scissoring)  of  fibers 
and  due  to  the  radial  expansion  or  contraction  in  the 
diameter.  This  is  one  example  of  the  inherent  variability 
or  special  circumstances  that  one  may  encounter  in 
composites  modeling  that  will  ultimately  contribute  to 
difficulties  in  consistently  correlating  theoretical  and 
experimental  predictions. 

In  general,  a  composite  failure  model  is  essentially  a 
combination  of  assumptions,  approximations  and  phy¬ 
sical  laws  which  are  made  to  establish  a  tractable  esti¬ 
mation  of  composite  failure.  The  relationships  between 
microstructural  effects,  statistical  variations  and  com¬ 
posite  failure  are  vastly  too  complex  to  be  completely 
addressed  in  the  most  comprehensive  failure  model. 
This  is  especially  true  in  many  of  the  cases  presented  in 
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this  study  where  multiple  failure  modes  occur  prior  to 
the  final  laminate  failure. 

It  is  the  authors’  opinions  that  no  truly  universal 
composite  laminate  failure  model  or  analysis  exists. 
Even  the  most  sophisticated  “state-of-the-art”  models 
are  not  capable  of  predicting  the  broad  range  behavior 
exhibited  under  a  variety  of  materials,  lay-ups  and 
loading  conditions.  At  best,  those  failure  models  that 
capture  the  “widest”  range  of  behavior — with  reason¬ 
able  effort — are  most  valuable  as  predictive  tools.  The 
failure  theories  used  should  be  relevant  and  proven 
within  a  given  application.  This  is  to  say  that  the  busi¬ 
ness  of  predicting  composite  laminate  failure  can  per¬ 
haps  be  just  as  easily  viewed  from  an  engineering 
perspective  than  it  can  from  a  scientific  one. 

It  is  worth  pointing  out  that  a  comparison  between 
the  results  of  the  present  model  and  those  of  other 
models,  employed  in  the  failure  exercise,  is  presented  in 
Ref.  [10]. 
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US  ARMY  ARDEC 
AMSTA  AR  CCH  C 
H  CHANIN 
S  CHICO 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  QAC  T 
D  RIGOGLIOSO 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  WET 
T  SACHAR 
BLDG  172 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  US  ARMY  ARDEC 

INTELLIGENCE  SPECIALIST 
AMSTA  AR  WEL  F 
M  GUERRIERE 
PICATINNY  ARSENAL  NJ 
07806-5000 

10  COMMANDER 

US  ARMY  ARDEC 
AMSTA  AR  CCH  B 
P  DONADIA 
F  DONLON 
P  VALENTI 
C  KNUTSON 
G  EUSTICE 
K  HENRY 
J  MCNABOC 
G  WAGNECZ 
R  SAYER 
F  CHANG 

PICATINNY  ARSENAL  NJ 
07806-5000 


NO.  OF 
COPIES 

6 


1 

1 


1 

1 

1 

2 

2 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  CCL 
F  PUZYCKI 
R  MCHUGH 
D  CONWAY 
E  JAROSZEWSKI 
R  SCHLENNER 
M  CLUNE 

PICATINNY  ARSENAL  NJ 
07806-5000 

PM  ARMS 
SFAE  GCSS  ARMS 
BLDG  171 

PICATINNY  ARSENAL  NJ 
07806-5000 

COMMANDER 
US  ARMY  ARDEC 
AMSTA  AR  WEA 
J  BRESCIA 

PICATINNY  ARSENAL  NJ 
07806-5000 

PM  MAS 
SFAE  AMO  MAS 
PICATINNY  ARSENAL  NJ 
07806-5000 

PM  MAS 
SFAE  AMO  MAS 
CHIEF  ENGINEER 
PICATINNY  ARSENAL  NJ 
07806-5000 

PM  MAS 

SFAE  AMO  MAS  PS 
PICATINNY  ARSENAL  NJ 
07806-5000 

PM  MAS 

SFAE  AMO  MAS  LC 
PICATINNY  ARSENAL  NJ 
07806-5000 

PM  MAS 

SFAE  AMO  MAS  MC 
PICATINNY  ARSENAL  NJ 
07806-5000 


1  COMMANDER 

US  ARMY  ARDEC 
PRODUCTION  BASE 
MODERN  ACTY 
AMSMC  PBM  K 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

US  ARMY  TACOM 
PM  COMBAT  SYSTEMS 
SFAE  GCS  CS 
6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 

1  COMMANDER 

US  ARMY  TACOM 
AMSTA  SF 

WARREN  MI  48397-5000 

1  DIRECTOR 

AIR  FORCE  RESEARCH  LAB 
MLLMD 
D  MIRACLE 
2230  TENTH  ST 

WRIGHT  PATTERSON  AFB  OH 
45433-7817 

1  OFC  OF  NAVAL  RESEARCH 
J  CHRISTODOULOU 
ONR  CODE  332 
800  N  QUINCY  ST 
ARLINGTON  VA  22217-5600 

1  US  ARMY  CERL 
R  LAMPO 

2902  NEWMARK  DR 
CHAMPAIGN  IL  61822 

1  COMMANDER 

US  ARMY  TACOM 
PM  SURVIVABLE  SYSTEMS 
SFAE  GCSS  W  GSI  H 
M  RYZYI 

6501  ELEVEN  MILE  RD 
WARREN  MI  48397-5000 


NO.  OF 

NO.  OF 

COPIES 

ORGANIZATION 

COPIES 

ORGANIZATION 

1 

COMMANDER 

US  ARMY  TACOM 

CHIEF  ABRAMS  TESTING 

SFAE  GCSS  W  AB  QT 

T  KRASKIEWICZ 

6501  ELEVEN  MILE  RD 

WARREN  MI  48397-5000 

14 

COMMANDER 

US  ARMY  TACOM 

AMSTA  TR  R 

R  MCCLELLAND 

D  THOMAS 

J  BENNETT 

D  HANSEN 

AMSTA  JSK 

1 

COMMANDER 

WATERVLIET  ARSENAL 

SMCWV  QAE  Q 

B  VANINA 

BLDG  44 

WATERVLIET  NY  12189-4050 

S  GOODMAN 

J  FLORENCE 

K  IYER 

D  TEMPLETON 

A  SCHUMACHER 

AMSTA  TR  D 

D  OSTBERG 

1 

TNG,  DOC,  &  CBT  DEV 

ATZK  TDD  IRSA 

A  POMEY 

FT  KNOX  KY  40121 

L  HINOJOSA 

BRAJU 

AMSTA  CS  SF 

H  HUTCHINSON 

F  SCHWARZ 

2 

HQ  IOC  TANK 

AMMUNITION  TEAM 

WARREN  MI  48397-5000 

AMSIO  SMT 

R  CRAWFORD 

W  HARRIS 

ROCK  ISLAND  IL  61299-6000 

14 

BENET  LABS 

AMSTA  AR  CCB 

R  FISCELLA 

MSOJA 

E  KATHE 

2 

COMMANDER 

US  ARMY  AMCOM 

AVIATION  APPLIED  TECH  DIR 

J  SCHUCK 

FT  EUSTIS  VA  23604-5577 

M  SCAVULO 

G  SPENCER 

P  WHEELER 

S  KRUPSKI 

J  VASILAKIS 

G  FRIAR 

1 

NSWC 

DAHLGREN  DIV  CODE  G06 
DAHLGREN  VA  22448 

R  HASENBEIN 

AMSTA  CCB  R 

S  SOPOK 

E  HYLAND 

2 

US  ARMY  CORPS  OF  ENGR 

CERDC 

T  LIU 

CEW  ET 

D  CRAYON 

R  DILLON 

WATERVLIET  NY  12189-4050 

T  TAN 

20  MASSACHUSETTS  AVE  NW 
WASHINGTON  DC  20314 

1 

USA  SBCCOM  PM  SOLDIER  SPT 
AMSSB  PM  RSS  A 

J  CONNORS 

KANSAS  ST 

1 

US  ARMY  COLD  REGIONS 

RSCH  &  ENGRNG  LAB 

NATICK  MA  01760-5057 

P  DUTTA 

72  LYME  RD 

HANOVER  NH  03755 

1 

NSWC 

TECH  LIBRARY  CODE  323 

17320  DAHLGREN  RD 
DAHLGREN  VA  22448 

NO.  OF 

COPIES  ORGANIZATION 

2  USA  SBCCOM 

MATERIAL  SCIENCE  TEAM 
AMSSB  RSS 
J  HERBERT 
M  SENNETT 
KANSAS  ST 
NATICK  MA  01760-5057 

2  OFC  OF  NAVAL  RESEARCH 
D  SIEGEL  CODE  351 
J  KELLY 

800  N  QUINCY  ST 
ARLINGTON  VA  22217-5660 

1  NSWC 

CRANE  DIVISION 
M  JOHNSON  CODE  20H4 
LOUISVILLE  KY  40214-5245 

2  NSWC 

U  SORATHIA 
C  WILLIAMS  CD  6551 
9500  MACARTHUR  BLVD 
WEST  BETHESDA  MD  20817 

2  COMMANDER 
NSWC 

CARDEROCK  DIVISION 
R  PETERSON  CODE  2020 
M  CRITCHFIELD  CODE  1730 
BETHESDA  MD  20084 

8  DIRECTOR 

US  ARMY  NGIC 
D  LEITER  MS  404 
MHOLTUS  MS  301 
M  WOLFE  MS  307 
S  MINGLEDORF  MS  504 
J  GASTON  MS  301 
W  GSTATTENBAUER  MS  304 
R  WARNER  MS  305 
J  CRIDER  MS  306 
2055  BOULDERS  RD 
CHARLOTTESVILLE  VA 
22911-8318 

1  NAVAL  SEA  SYSTEMS  CMD 
D  LIESE 

1333  ISAAC  HULL  AVE  SE  1100 
WASHINGTON  DC  20376-1100 


NO.  OF 

COPIES  ORGANIZATION 

1  EXPEDITIONARY  WARFARE 
DIV  N85 
F  SHOUP 

2000  NAVY  PENTAGON 
WASHINGTON  DC  20350-2000 

8  US  ARMY  SBCCOM 

SOLDIER  SYSTEMS  CENTER 
BALLISTICS  TEAM 
J  WARD 
WZUKAS 
P  CUNNIFF 
J  SONG 

MARINE  CORPS  TEAM 

J  MACKIEWICZ 

BUS  AREA  ADVOCACY  TEAM 

W  HASKELL 

AMSSB  RCP  SS 

W  NYKVIST 

S  BEAUDOIN 

KANSAS  ST 

NATICK  MA  01760-5019 

7  US  ARMY  RESEARCH  OFC 
A  CROWSON 

H  EVERETT 
J  PRATER 
G  ANDERSON 
D  STEPP 
D  KISEROW 
J  CHANG 
PO  BOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 

1  AFRL  MLBC 

2941  P  ST  RM  136 

WRIGHT  PATTERSON  AFB  OH 

45433-7750 

8  NSWC 

J  FRANCIS  CODE  G30 
D  WILSON  CODE  G32 
R  D  COOPER  CODE  G32 
J  FRAYSSE  CODE  G33 
E  ROWE  CODE  G33 
T  DURAN  CODE  G33 
L  DE  SIMONE  CODE  G33 
R  HUBBARD  CODE  G33 
DAHLGREN  VA  22448 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  NSWC 

CARDEROCK  DIVISION 
R  CRANE  CODE  6553 
9500  MACARTHUR  BLVD 
WEST  BETHESDA  MD  20817-5700 

1  AFRL  MLSS 
R  THOMSON 

2179  12TH  STRM  122 
WRIGHT  PATTERSON  AFB  OH 
45433-7718 

2  AFRL 

F  ABRAMS 

J  BROWN 

BLDG  653 

2977  P  ST  STE  6 

WRIGHT  PATTERSON  AFB  OH 

45433-7739 

5  DIRECTOR 
LLNL 

R  CHRISTENSEN 
S  DETERESA 
F  MAGNESS 
M  FINGER  MS  313 
M  MURPHY  L  282 
PO  BOX  808 
LIVERMORE  CA  94550 

1  AFRL  MLS  OL 
L  COULTER 
5851  FAVE 
BLDG  849  RM  ADI  A 
HILL  AFB  UT  84056-5713 

1  DIRECTOR 

LOS  ALAMOS  NATL  LAB 
F  L  ADDESSIO  T  3  MS  5000 
PO  BOX  1633 
LOS  ALAMOS  NM  87545 

1  OSD 

JOINT  CCD  TEST  FORCE 
OSD  JCCD 
R  WILLIAMS 
3909  HALLS  FERRY  RD 
VICKSBURG  MS  29180-6199 

1  OAK  RIDGE  NATL  LAB 

C  EBERLE  MS  8048 
PO  BOX  2008 
OAK  RIDGE  TN  37831 


3  DARPA 

M  VANFOSSEN 
S  WAX 

L  CHRISTODOULOU 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

2  SERDP  PROGRAM  OFC 
PM  P2 

C  PELLERIN 
B  SMITH 

901  N  STUART  ST  STE  303 
ARLINGTON  VA  22203 

1  OAK  RIDGE  NATL  LAB 
R  M  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  37831-6195 

3  DIRECTOR 
SANDIA  NATL  LABS 
APPLIED  MECHS  DEPT 
MS  9042 

J  HANDROCK 
YRKAN 
J  LAUFFER 
PO  BOX  969 

LIVERMORE  CA  94551-0969 

1  OAK  RIDGE  NATL  LAB 
C  D  WARREN  MS  8039 
PO  BOX  2008 
OAK  RIDGE  TN  37831 

4  NIST 

M  VANLANDINGHAM  MS  8621 
J  CHIN  MS  8621 
J  MARTIN  MS  8621 
D  DUTHINH  MS  8611 
100  BUREAU  DR 
GAITHERSBURG  MD  20899 

1  HYDROGEOLOGIC  INC 
SERDP  ESTCP  SPT  OFC 
S  WALSH 

1155  HERNDON  PKWY  STE  900 
HERNDON  VA  20170 


NO.  OF 

COPIES  ORGANIZATION 

3  NASA  LANGLEY  RESEARCH  CTR 
AMSRD  ARL  VS 
W  ELBER  MS  266 
F  BARTLETT  JR  MS  266 
G  FARLEY  MS  266 
HAMPTON  VA  23681-0001 

1  NASA  LANGLEY  RESEARCH  CTR 
T  GATES  MS  188E 
HAMPTON  VA  23661-3400 

1  FHWA 

E  MUNLEY 

6300  GEORGETOWN  PIKE 
MCLEAN  VA  22101 

1  USDOT  FEDERAL  RAILROAD 
M  FATEH  RDV31 
WASHINGTON  DC  20590 

3  CYTEC  FIBERITE 
R DUNNE 
D  KOHLI 
R  MAYHEW 
1300  REVOLUTION  ST 
HAVRE  DE  GRACE  MD  21078 

1  DIRECTOR 
NGIC 
IANG  TMT 
2055  BOULDERS  RD 
CHARLOTTESVILLE  VA 
22911-8318 

1  SIOUX  MFG 
BKRIEL 
PO  BOX  400 

FT  TOTTEN  ND  58335 

2  3  TEX  CORP 

A  BOGDANOVICH 
J  SINGLETARY 
109  MACKENAN  DR 
CARYNC  27511 

1  3M  CORP 
J  SKILDUM 

3M  CENTER  BLDG  60  IN  01 
ST  PAUL  MN  55144-1000 


NO.  OF 

COPIES  ORGANIZATION 

1  DIRECTOR 

DEFENSE  INTLLGNC  AGNCY 
TA  5 

K  CRELLING 
WASHINGTON  DC  20310 

1  ADVANCED  GLASS  FIBER  YARNS 
T  COLLINS 

281  SPRING  RUN  LANE  STE  A 
DOWNINGTON  PA  19335 

1  COMPOSITE  MATERIALS  INC 

D  SHORTT 
19105  63  AVE  NE 
PO  BOX  25 

ARLINGTON  WA  98223 

1  JPS  GLASS 
L  CARTER 
PO  BOX  260 
SLATER  RD 
SLATER  SC  29683 

1  COMPOSITE  MATERIALS  INC 

R  HOLLAND 
1 1  JEWEL  CT 
ORINDA  CA  94563 

1  COMPOSITE  MATERIALS  INC 
C  RILEY 

14530  SANSON  AVE 
SANTA  FE  SPRINGS  CA  90670 

2  SIMULA 

J  COLTMAN 
R  HUYETT 
10016  S51ST  ST 
PHOENIX  AZ  85044 

2  PROTECTION  MATERIALS  INC 
M  MILLER 
F  CRILLEY 
14000  NW  58  CT 
MIAMI  LAKES  FL  33014 

2  FOSTER  MILLER 
M  ROYLANCE 
WZUKAS 
195  BEAR  HILL  RD 
WALTHAM  MA  02354-1196 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  ROM  DEVELOPMENT  CORP 
R  O  MEARA 

136  SWINEBURNE  ROW 
BRICK  MARKET  PLACE 
NEWPORT  RI  02840 

2  TEXTRON  SYSTEMS 
T  FOLTZ 

M  TREASURE 
1449  MIDDLESEX  ST 
LOWELL  MA  01851 

1  O  GARA  HESS  &  EISENHARDT 
M  GILLESPIE 

9113  LESAINT  DR 
FAIRFIELD  OH  45014 

2  MILLIKEN  RESEARCH  CORP 
H  KUHN 

M  MACLEOD 
PO  BOX  1926 
SPARTANBURG  SC  29303 

1  CONNEAUGHT  INDUSTRIES  INC 
J  SANTOS 
PO  BOX  1425 
COVENTRY  RI  02816 

1  ARMTEC  DEFENSE  PRODUCTS 

S  DYER 
85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

1  NATL  COMPOSITE  CTR 
T  CORDELL 
2000  COMPOSITE  DR 
KETTERING  OH  45420 

3  PACIFIC  NORTHWEST  LAB 
M  SMITH 

G  VAN  ARSDALE 
R  SHIPPELL 
PO  BOX  999 
RICHLAND  WA  99352 

1  SAIC 

M  PALMER 

1410  SPRING  HILL  RD  STE  400 
MS  SH4 5 

MCLEAN  VA  22102 


8  ALLIANT  TECHS YSTEMS  INC 

C  CANDLAND  MN1 1  1428 
C  AAKHUS  MN 1 1  2830 
B  SEE  MN  1 1  2439 
N  VLAHAKUS  MN1 1  2145 
RDOHRNMN11  1428 
S  HAGLUND  MN1 1  2439 
M  HISSONG  MN  1 1  2830 
DKAMDARMN11  2830 
600  SECOND  ST  NE 
HOPKINS  MN  55343-8367 

1  R  FIELDS 

4680  OAKCREEK  ST 
APT  206 

ORLANDO  FL  32835 

1  APPLIED  COMPOSITES 
W  GRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  IL  60174 

1  CUSTOM  ANALYTICAL 
ENG  SYS  INC 
A  ALEXANDER 
13000  TENSOR  LANE  NE 
FLINTSTONE  MD  21530 

1  AAI  CORP 

DR  N  B  MCNELLIS 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  OFC  DEPUTY  UNDER  SEC  DEFNS 
J  THOMPSON 

1745  JEFFERSON  DAVIS  HWY 
CRYSTAL  SQ  4  STE  501 
ARLINGTON  VA  22202 

3  ALLIANT  TECHS  YSTEMS  INC 

J  CONDON 
ELYNAM 
J  GERHARD 
WV01  16  STATE  RT  956 
PO  BOX  210 
ROCKET  CENTER  WV 
26726-0210 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  HEXCEL  INC 
RBOE 

PO  BOX  18748 

SALT  LAKE  CITY  UT  841 1 8 

5  NORTHROP  GRUMMAN 
B  IRWIN 
K  EVANS 
D  EWART 

A  SHREKENHAMER 
J  MCGLYNN 
BLDG  160  DEPT  3700 
1 100  WEST  HOLLYVALE  ST 
AZUSA  CA  91701 

1  HERCULES  INC 

HERCULES  PLAZA 
WILMINGTON  DE  19894 

1  BRIGS  COMPANY 
J  BACKOFEN 
2668  PETERBOROUGH  ST 
HERNDON  VA  22071-2443 

1  ZERNOW  TECHNICAL  SERVICES 
L  ZERNOW 

425  W  BONITA  AVE  STE  208 
SAN  DIMAS  CA  91773 

1  GENERAL  DYNAMICS  OTS 
L  WHITMORE 

10101  NINTH  ST  NORTH 
ST  PETERSBURG  FL  33702 

2  GENERAL  DYNAMICS  OTS 
FLINCHBAUGH  DIV 

K  LINDE 
T  LYNCH 
PO  BOX  127 
RED  LION  PA  17356 

1  GKN  WESTLAND  AEROSPACE 
DOLDS 

450  MURDOCK  AVE 
MERIDEN  CT  06450-8324 

1  PRATT  &  WHITNEY 
C  WATSON 

400  MAIN  ST  MS  114  37 
EAST  HARTFORD  CT  06108 


5  SIKORSKY  AIRCRAFT 
G  JACARUSO 
T  CARSTENSAN 
B  KAY 

S  GARBO  MS  S330A 
J  ADELMANN 
6900  MAIN  ST 
PO  BOX  9729 

STRATFORD  CT  06497-9729 

1  AEROSPACE  CORP 
G  HAWKINS  M4  945 

2350  E  EL  SEGUNDO  BLVD 
EL  SEGUNDO  CA  90245 

2  CYTEC  FIBERITE 
M  LIN 

W  WEB 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

2  UDLP 

G  THOMAS 
M  MACLEAN 
PO  BOX  58123 
SANTA  CLARA  CA  95052 

1  UDLP  WARREN  OFC 
ALEE 

31201  CHICAGO  RD  SOUTH 
SUITE  B 102 
WARREN  MI  48093 

2  UDLP 

R  BRYNSVOLD 
P  JANKE  MS  170 
4800  EAST  RIVER  RD 
MINNEAPOLIS  MN  55421-1498 

2  BOEING  ROTORCRAFT 
P  MINGURT 
P  HANDEL 
800  B  PUTNAM  BLVD 
WALLINGFORD  PA  19086 

1  LOCKHEED  MARTIN 
SKUNK  WORKS 
D  FORTNEY 
1011  LOCKHEED  WAY 
PALMDALE  CA  93599-2502 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


1  LOCKHEED  MARTIN 

R  FIELDS 
5537  PGA  BLVD 
SUITE  4516 
ORLANDO  FL  32839 

1  NORTHRUP  GRUMMAN  CORP 

ELECTRONIC  SENSORS 
&  SYSTEMS  DIV 
ESCHOCH  MS  V  16 
1745 A  W  NURSERY  RD 
LINTHICUM  MD  21090 

1  GDLS  DIVISION 
D  BARTLE 

PO  BOX  1901 
WARREN  MI  48090 

2  GDLS 
DREES 
M  PASIK 
PO  BOX  2074 
WARREN  MI  48090-2074 

1  GDLS 

MUSKEGON  OPER 
M  SOIMAR 
76  GETTY  ST 
MUSKEGON  MI  49442 

1  GENERAL  DYNAMICS 
AMPHIBIOUS  SYS 
SURVIVABILITY  LEAD 
G  WALKER 
991  ANNAPOLIS  WAY 
WOODBRIDGE  VA  22191 

6  INST  FOR  ADVANCED 

TECH 
H  FAIR 
I  MCNAB 
P  SULLIVAN 
S  BLESS 
W  REINECKE 
C  PERSAD 

3925  W  BRAKER  LN  STE  400 
AUSTIN  TX  78759-5316 

1  ARROW  TECH  ASSOC 

1233  SHELBURNE  RD  STE  D8 
SOUTH  BURLINGTON  VT 
05403-7700 


1  R  EICHELBERGER 

CONSULTANT 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  SAIC 

G  CHRYSSOMALLIS 

8500  NORMANDALE  LAKE  BLVD 

SUITE  1610 

BLOOMINGTON  MN  55437-3828 

1  UCLA  MANE  DEPT  ENGR IV 
H  T  HAHN 

LOS  ANGELES  CA  90024-1597 

2  UNIV  OF  DAYTON 
RESEARCH  INST 
RYKIM 
AKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

1  UMASS  LOWELL 
PLASTICS  DEPT 
N  SCHOTT 
1  UNIVERSITY  AVE 
LOWELL  MA  01854 

1  IIT  RESEARCH  CTR 
DROSE 
201  MILL  ST 
ROME  NY  13440-6916 

1  GA  TECH  RESEARCH  INST 
GA  INST  OF  TCHNLGY 
P  FRIEDERICH 
ATLANTA  GA  30392 

1  MICHIGAN  ST  UNIV 
MSM  DEPT 
R  AVERILL 
3515  EB 

EAST  LANSING  MI  48824-1226 

1  UNIV  OF  WYOMING 
D  ADAMS 
PO  BOX  3295 
LARAMIE  WY  82071 

1  PENN  STATE  UNIV 
R  S  ENGEL 

245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


2  PENN  STATE  UNIV 
R  MCNITT 

C  BAKIS 

212  EARTH  ENGR 
SCIENCES  BLDG 
UNIVERSITY  PARK  PA  16802 

5  UNIV  OF  DELAWARE 

CTR  FOR  COMPOSITE  MTRLS 
J  GILLESPIE 
M  SANT ARE 
S  YARLAGADDA 
S  ADVANI 
D  HEIDER 
201  SPENCER  LAB 
NEWARK  DE  19716 

1  SOUTHWEST  RESEARCH  INST 
ENGR  &  MATL  SCIENCES  DIV 
J  RIEGEL 

6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 

1  BATELLE  NATICK  OPERS 

B  HALPIN 
313  SPEENST 
NATICK  MA  01760 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRD  ARL  WM  MB 
A  FRYDMAN 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1 197 

ABERDEEN  PROVING  GROUND 

1  US  ARMY  ATC 

CSTE  DTC  AT  AC  I 
W  C  FRAZER 
400  COLLERAN  RD 
APG  MD  21005-5059 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRD  ARL  OP  AP  L 
APG  MD  21005-5066 


91  DIR  US  ARL 

AMSRD  ARL  Cl 
AMSRD  ARL  CS  IO  FI 
M  ADAMSON 
AMSRD  ARL  SL  BA 
AMSRD  ARL  SL  BL 
D  BELY 
R  HENRY 

AMSRD  ARL  SL  BG 
AMSRD  ARL  WM 
J  SMITH 

AMSRD  ARL  WM  B 
A  HORST 
T  KOGLER 
AMSRD  ARL  WM  BA 
D  LYON 

AMSRD  ARL  WM  BC 
JNEWILL 
P  PLOSTINS 
A  ZIELINSKI 
AMSRD  ARL  WM  BD 
P  CONROY 
B  FORCH 
C  LEVERITT 
R  PESCE  RODRIGUEZ 
BRICE 

AMSRD  ARL  WM  BE 
M  LEADORE 
RLIEB 

AMSRD  ARL  WM  BF 
S  WILKERSON 
AMSRD  ARL  WM  BR 
J  BORNSTEIN 
C  SHOEMAKER 
AMSRD  ARL  WM  M 
B  FINK 
J  MCCAULEY 
AMSRD  ARL  WM  MA 
L  GHIORSE 
S  MCKNIGHT 
E  WETZEL 
AMSRD  ARL  WM  MB 
J  BENDER 
T  BOGETTI 
L  BURTON 
R  CARTER 
KCHO 

W  DE  ROSSET 
G  DEWING 
R  DOWDING 
W  DRYSDALE 
R  EMERSON 
D  HENRY 


NO.  OF 

COPIES  ORGANIZATION 

AMSRD  ARL  WM  MB 
D  HOPKINS 
RKASTE 
L  KECSKES 
B  POWERS 
D  SNOHA 
J  SOUTH 
M  STAKER 
J  SWAB 
J  TZENG 

AMSRD  ARL  WM  MC 
J  BEATTY 
R  BOSSOLI 
ECHIN 

S  CORNELISON 
D  GRANVILLE 
BHART 
J  LASALVIA 
J  MONTGOMERY 
F  PIERCE 
E  RIGAS 
W  SPURGEON 

AMSRD  ARL  WM  MD 
B  CHEESEMAN 
P  DEHMER 
R  DOOLEY 
G  GAZONAS 
S  GHIORSE 
C  HOPPEL 
M  KLUSEWITZ 
WROY 
J  SANDS 
D  SPAGNUOLO 
S  WALSH 
S  WOLF 

AMSRD  ARL  WM  T 
B  BURNS 

AMSRD  ARL  WM  TA 
W  BRUCHEY 
M  BURKINS 
W  GILLICH 
B  GOOCH 
T  HAVEL 
E  HORWATH 
M  NORMANDIA 
J  RUNYEON 
M  ZOLTOSKI 

AMSRD  ARL  WM  TB 
P  BAKER 

AMSRD  ARL  WM  TC 
R  COATES 


NO.  OF 

COPIES  ORGANIZATION 

AMSRD  ARL  WM  TD 
D  DANDEKAR 
T  HADUCH 
T  MOYNIHAN 
M  RAFTENBERG 
S  SCHOENFELD 
T  WEERASOORIYA 
AMSRD  ARL  WM  TE 
A  NIILER 
J  POWELL 


